Clinician-performed ultrasound enables a more accurate understanding of disease processes and prompt care implementation. Knowledge of lung ultrasound is of immense utility to clinicians in their day-to-day patient management, and in acute events, in the absence of specialist service back-up. This article examines the potential role of lung ultrasound in the neonatal intensive care unit on the basis of available human studies. Lung ultrasound has a definite potential of reducing/replacing X-rays in the management of pneumothorax, pneumonia, respiratory distress syndrome, and transient tachypnea of the newborn. In addition, it can reduce the use of chest X-ray and radiation exposure in neonatology.
The lung is the most common target organ in neonatal medicine, and neonatal respiratory emergencies are often not unchallenging for immediate clinical diagnosis. X-ray, the only available bedside clinical diagnostic tool, lacks specificity about and sensitivity to many common clinical conditions and risks neonates of being overexposed to ionizing radiation. Bedside LUS has already proven its worthiness in adult medicine; the famous bedside lung ultrasound in emergency (BLUE) and fluid administration limited by lung sonography (FALLS) protocols are proven to be useful in the immediate diagnosis of acute respiratory failure and the management of acute circulatory failure, respectively.
1 Utility of LUS in neonatology is still evolving with rapid addition of research publications every year. The benign learning curve, similar basic adult principles, and the requirement of a most basic ultrasound machine make LUS an attractive bedside diagnostic tool.
Principle and Procedure
The basic principle of LUS lies in the detection of traditionally undesirable artifacts, displayed in the machine because of the different acoustic impedance of air, tissue, and fluid lying in close proximity. LUS examination is achieved using natural images, avoiding filters, especially those designed to suppress artifacts. B-mode, M-mode, and, less frequently, Color Doppler are used in the ultrasound evaluation of lungs. Prospective studies using high-frequency linear, curvilinear, and sector transducers have demonstrated that the performance and interpretation of LUS are not transducer-specific. A linear ≥7.5 MHz probe that displays a wider field may preferably be used in neonates who have a thin chest wall and less lung width. Lung is the most voluminous organ; LUS can be performed in a systematic manner that investigates the entire anterolateral and posterior lung surfaces bilaterally or can be performed with a patient-focused abbreviated approach with the newborn in supine position.
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Normal Lung Ultrasound
It must be emphasized here that the majority of the normal and abnormal signs in neonatal LUS seen are extrapolated from adult studies. In a 3-year observational study in a neonatal intensive care unit, Lichtenstein could identify all signs in neonates similar to those observed in adults using computed tomography (CT). However, discrepancies were found when their ultrasound reports were compared with routine radiography.
2 Radiological signs for the main acute disorders were the same in adults and neonates, as no radiological distinction has ever been made. There were no pathophysiological reasons for considering that these disorders would give different signs in neonates and adults. In the adults, ultrasound has been proven to be more accurate than radiography and nearly as accurate as CT, and superior on occasion. 3 Similarly, in neonates, LUS is more sensitive in diagnosing lung pathologies compared with chest X-ray. 4 Superficial structures (skin, subcutaneous fat, and pectoral and intercostal muscles) conduct sound waves well and do not generate artifacts. The cortex of each rib reflects ultrasound waves and blocks their transmission, resulting in a hyperechoic (bright) appearance. The neonatal lung pleural line is one of the most important structures that borders almost all life-threatening lung pathologies. Most of the ultrasound signs, which we are going to discuss, arise from the pleural line. It is important to identify the pleural line that is a smooth echogenic line and a permanent landmark visible in all circumstances. The pleural line slides from side to side with respiration and represents the movement of the pleural surface with the respiratory cycle and is known as the sliding sign¾a normal lung feature. Lung sliding can also be observed using time-motion mode (M-mode) where the fixed superficial chest wall structures give rise to the appearance of water and the constantly moving underlying lung gives rise to a sandy appearance known as the seashore sign (Figure 1 ). Beyond the pleura, lung parenchyma filled with air cannot be visualized with ultrasound; however, change in acoustic impedance at the pleura-lung interface results in horizontal artifacts, defined as A-lines, that are seen as a series of echogenic parallel lines distally which are equidistant from one another (Figure 1 ). In general, normal LUS images look predominantly black with echogenic A-lines and the pleura. Another sign commonly observed in LUS is the lung pulse. The "lung pulse" refers to the rhythmic movement of the pleura in synchrony with the cardiac rhythm. As the heart beats, the movement of the heart is transmitted through the medium of the lung, which is demonstrated in M-mode as a regular motion artifact through the seashore pattern to the level of the pleura. In a normal well-aerated lung, the "lung pulse" is not present, as lung sliding becomes dominant and resistant to cardiac vibrations. The lung pulse is easily identified when the baby does not breathe.
Currently, the effective use of LUS in neonatology is limited to the evaluation of RDS, TTN, pneumothorax, and pneumonia. LUS is also routinely used to identify fluid collection in the pleural space. Conventional X-ray-detected opacities can be differentiated as consolidations or effusion only by an ultrasound scan. Pleural effusion with internal echoes suggests that it is an exudate or hemorrhage. LUS has also been used by different researchers to predict bronchopulmonary dysplasia to diagnose pneumomediastinum, interstitial emphysema, meconium aspiration syndrome (MAS), and to differentiate viral pneumonia from bacterial pneumonia. These studies and sample sizes are too limited in number to deduct any meaningful conclusion. An overview of the use of LUS in neonatology is described in Table 1 . 
Extravascular Lung Water and the Concept of B-lines
B-lines occur when sound waves pass through the pleural line encountering a mixture of air and water as in the pulmonary edema. In this instance, the mixed density of the lung parenchyma causes a reverberation artifact within the lung, giving rise to the discrete laser-like vertical hyperechoic lines that arise from the pleural line. These extend to the bottom of the screen without fading and move synchronously with lung sliding (Figure 2) . B-lines can coalesce with each other to give a white lung appearance in LUS, indicating excess extravascular lung water. B-lines indicate abnormality in the interstitial or alveolar compartment and correlate with lung fluid content. LUS appearance can be simplified as a normal lung is "black," a moderately diseased lung (as in interstitial edema) is "black and white" (with white lines corresponding to B-lines), and a markedly diseased lung (as in alveolar edema) is "white" (diffusely bright). Chest X-ray remains by far the best and most used screening test for the detection of pulmonary edema, but it is often difficult to interpret and imprecise, with high interobserver variability as shown by adult studies. 5 The absence of chest X-ray findings does not exclude the presence of interstitial lung water, and B-lines have been proposed as a bedside, easy-to-use, alternative diagnostic tool for clinically monitoring pulmonary congestion, as they clear after adequate medical treatment of acute decompensated heart failure. In adults, the cardiogenic origin of B-lines that are more abundant and omnipresent responds better to diuretic therapy compared with pneumogenic B-lines that are sparse patchy. Fetal lung is rich in fluid; therefore, B-lines can be seen in healthy-term newborns. However, B-lines seen in healthy newborns are not compact, rarely numerous, and present more often on the right side. 6 It should be noted here that at the 1 to 10 min of life, all infants have an established pleural line on LUS and 89% of them demonstrate substantial liquid clearance. At the 11 to 20 min of life, LUS examination revealed that all infants have substantial liquid clearance. 7 In another recent study of 747 neonates, both term and preterm without lung disease, B-lines of 713 neonates (95.4%) could be found within 3 days after birth, and 256 neonates (34.3%) could be observed from 3 days to 1 week after birth. B-lines of 19 cases could be detected from 1 to 2 weeks after birth. The longest time at which B-lines could still be observed was 19 days after birth. 4 However, the presence and disappearance of B-lines should be considered in the context of the disease, as many neonatal disease conditions such as RDS, MAS, pneumonia, and bronchopulmonary dysplasia present with B-lines. 
Role of Lung Ultrasound in the Management of Hyaline Membrane Disease and Transient Tachypnea of the Newborn
Various studies that have evaluated the utility of LUS in RDS are described in Table 2 . We have included not only the studies that have described the utility of LUS in the diagnosis of RDS but also the publications that have studied the use of LUS in identifying severity and predicting management. The coexistence of lung consolidation, abnormal pleural line (thickness of >0.5 mm or blurred), and bilateral white lung, and the disappearance of A-lines are constant LUS features of RDS with a specificity and sensitivity of 100% ( Figure 3 ). Other features such as pleural effusion, lung pulse, and uniform bilateral involvement are infrequent associations. The most important indicator of RDS is consolidation, which is seen in all patients, but the extent and nature of consolidation vary with the severity of RDS. Consolidation in moderate RDS is subpleural and focal in nature, whereas consolidation in severe RDS is more widespread and deep. Similarly, the lung pulse is present in all Grade 3 and 4 RDSs, whereas it is absent in all Grade 2 RDSs. 6 Pleural line abnormality and the disappearance of A-lines are the sensitive markers of RDSs, but are not very specific, and can also be found in the case of pneumonia, TTN, and pulmonary hemorrhage. The study by Copetti et al., 8 which included extreme preterm infants, reported that sonographic abnormalities precede PaO 2 /FiO 2 changes. They never observed any abnormalities of the pleural line, echographic "white lung," and the absence of "spared areas," concurrently in any other forms of neonatal respiratory distress or in healthy term infants. The proposed LUS score by Brat et al. 9 correlated well with the oxygen saturation status of both term and preterm neonates and predicted the need for a surfactant. Similarly, few more studies found LUS to be useful in predicting intubation and NICU admission in neonates with RDS. [10] [11] [12] The study by Raimondi et al. found LUS to be more useful than chest X-ray in predicting intubation need compared with the study by Rodriguez-Fanjul et al. that showed a good agreement between chest X-ray and LUS in predicting respiratory failure. Intubation prediction may help clinicians in the planning of appropriate transfers.
Similarly, few more studies found LUS to be highly specific and sensitive in diagnosing RDS using similar diagnostic criteria. [13] [14] In a study by Vergine et al. 13 unlike chest X-rays, the sonographic appearance of RDS does not change immediately after surfactant administration. This may be related to the immaturity of the interstitial space that is not affected by the exogenous surfactant administration. They also reported about the heterogeneous evolution of the white lung and pleural line abnormalities; in some, it may disappear in patches in 1-week time and in all some B-lines persist until they are 36 weeks. 13 In another recent study, Abdelsadek et al. 15 found LUS to be less sensitive in diagnosing mild RDS compared with clinicoradiological diagnosis, though they found a significant correlation between ultrasound and radiographic assessments of RDS. In this study, the LUS diagnostic criteria used to diagnose RDS are vague to draw any meaningful conclusion. Two studies using completely different diagnostic criteria compared with earlier studies found LUS to be highly specific and sensitive in diagnosing RDS; however, the diagnostic criteria used have never been in research to differentiate between TTN and RDS. 16 18 Various studies that have evaluated the utility of LUS in TTN are described in Table 3 . Double lung point (DLP) was found to be a specific and sensitive marker to diagnose TTN in 2 studies by the same group of authors. 13, 19 DLP was not observed in healthy infants, infants with RDS, atelectasis, pneumothorax, pneumonia, or pulmonary hemorrhage (Figure 3) . TTN can also rarely show a bilateral presence of numerous noncompact B-lines, indicating interstitial engorgement. The LUS evolution of TTN is in line with the clinical evolution of TTN and the B-lines and DLP disappear by 72 to 96 hours of life. In these 2 studies, the pleural line in TTN was normal in appearance in contrast to RDS. Chest X-ray misdiagnosed cases as RDSs were diagnosed as TTN on LUS.
4 However, 3 recently published studies by the same group of authors 4,20,21 gave a relatively different picture as compared with the previous 2 studies. In these studies, DLP had a good specificity but poor sensitivity in diagnosing TTN. Consolidation was absent in all TTN cases, whereas it was present in all RDS cases. In contrast to the earlier 2 studies by Copetti et al., the studies by Liu et al. showed pleural line abnormalities in all TTN cases. Liu et al. found the white lung or dense B-lines in severe TTN only; they also noticed DLP during the recovery of severe TTN, RDS, MAS, and pneumonia. However, in their study, they have not elaborated on the duration of mechanical ventilation, surfactant need, LUS is a reasonably good bedside tool to identify RDS and differentiate it from TTN. LUS is also proficient in predicting respiratory support requirement in RDS. There are controversies about LUS identification of TTN; however, DLP, whenever identified, has a very high specificity.
Neonatal Pneumonia
Diagnosis of neonatal pneumonia is not always without challenges. It may be difficult to distinguish RDS and TTN from early onset pneumonia; clinically and radiologically, they are presented in similar ways. Clinical features such as tachypnea, chest recession, inability to feed, cyanosis, cough, and fever have poor sensitivity and specificity in identifying neonatal pneumonia. 22, 23 Laboratory findings also have limited value. Blood cultures are rarely positive, and other inflammatory markers such as neutrophil values, C-reactive protein, and procalcitonin have doubtful usefulness. 24 Chest radiographs of neonatal pneumonia generally show nonhomogenous patchy infiltrates or a white out picture. This may be indistinguishable from aspiration syndromes, pulmonary hemorrhage, pulmonary edema, bronhopulmonary dysplasia, and nonbacterial pneumonias. In an autopsy-proven pulmonary infection study, Haney et al. 25 showed a radiographic transient tachypnea and a hyaline membrane-like pattern in 17% and 13% of the neonates respectively.
Researchers have tried to address the issue of diagnostic dilemma using bedside LUS. LUS is an accurate and reliable method for diagnosing pulmonary atelectasis because of many reasons; most importantly, it can find those occult lung atelectasis that could not be detected by chest X-ray. 26 In a study by Hadeel et al., 27 which addressed only late neonatal pneumonias (after 48 hours of life) in an attempt to exclude RDS and TTN, found a good agreement between LUS and clinical findings (90.6%), compared with the agreement (85.3%) between clinical findings and chest X-rays. These results are similar to those reported by Copetti and Cattarossi 28 (100% and 88.3%, respectively) in a pediatric pneumonia study. In another recent study by Liu et al., 29 the authors suggested that LUS could be 100% specific and sensitive in diagnosing neonatal pneumonia. Nonconsecutive convenience sampling, inclusion of only severe pneumonias, and a lack of measurement for inter-and intraobserver variability are few drawbacks of their study.
The international consensus committee on LUS made strong evidence-based recommendations to use LUS as an accurate tool in diagnosing lung consolidation when compared with chest radiography in the pediatric age group.
There has been a case report of ventilation-associated neonatal pneumonia with very early diagnosis using LUS before any significant radiographic changes in chest X-ray or laboratory findings suggestive of infection. 30 One of the LUS findings of neonatal pneumonia is large areas of lung consolidation with irregular margins known as a shred sign. A large area of lung consolidation with irregular margins has a specificity and sensitivity of 100%. 20 The other important LUS findings in pneumonia are pleural line abnormalities such as disappearance, irregularity, and coarse appearance. Hepatization of the subpleural lung tissues is also an ultrasound feature and it is because of the consolidated airless lung that has a similar echogenicity and echotexture of the liver and the spleen. Within the solid-appearing area of echogenicity, multiple bright dot-like and branching linear structures are found that represent air in the bronchi, corresponding to the air bronchogram visible on standard chest radiographs. These sonographic air bronchograms may be dynamic and move with the pressure exerted by the USG probe. Interstitial syndrome and the presence of B-lines, disappearance of lung sliding, and the presence of the lung pulse that is synchronized with the heart rate are some of the other features of lung consolidation (Figure 4) . 
Pneumothorax
LUS is an excellent tool for the diagnosis of pneumothorax and is a routine bedside diagnostic modality in the adult intensive care and emergency department. A recent study published by Cattarossi et al. showed LUS to be as specific as and more sensitive than chest X-ray in diagnosing pneumothorax. LUS had a sensitivity of 100% in detecting pneumothorax compared with 87% by thoracic transillumination. 31 In a recently published article, LUS had a sensitivity, specificity, positive predictive value, and negative predictive value of 100% in detecting neonatal pneumothorax, which was much better than clinical evaluation alone. LUS competency, especially for pneumothorax, is easy to learn. Interestingly, after sudden decompensation, an LUS could be performed in an average time of 5.3 ± 5.6 minutes versus 19 ± 11.7 minutes required for a chest radiography, potentially preventing delay in care implementation. 32 Four characteristic features of pneumothorax are the absence of lung sliding, the presence of the lung point (a point where a seashore sign changes into a stratosphere sign), the presence of a stratosphere sign on M-mode ( Figure 5) , and the absence of the B-lines and lung pulse. In a stratosphere sign, parallel horizontal lines above and below the pleural line are noted; they resemble a barcode. In contrast to the seashore sign that is a normal lung sign, in the stratosphere sign, the grainy shore is not seen (which is due to the movement of the lungs with respiration under the pleura); rather, only sea (parallel lines) is noted because of the static lungs under pneumothorax. The lung point represents the point on the chest wall where the pneumothorax ends and the lung tissue is once again in contact with the pleura. Although a lung point is not always identified as in large pneumothoraxes where there is no lung tissue in contact with the pleura at all, it is undoubtedly 100% specific. Sensitivities of both the absence of lung sliding and that of B-lines for pneumothorax were 100%, and the specificity of the lung point for pneumothorax was 100% in a neonatal pneumothorax study. 32 In an adult study, 33 the absence of lung sliding and the presence of A-lines had a sensitivity and specificity of 95% and 94% of diagnosing occult pneumothorax respectively. In another adult study, 34 the absence of lung sliding has a negative predictive value of 100%. It must be noted here that the presence of even a single B-line rules out pneumothorax. Lung sliding may be absent in accidental esophageal or right main bronchus intubation; however, in such a case, the presence of the lung pulse rules out pneumothorax. The authors have noted the absence of lung sliding in a muscle-relaxed infant on high frequency ventilation. A flow chart to diagnose pneumothorax is shown in Figure 6 . Overall, the most important aspect of LUS is reduction in radiation exposure. In a retrospective study, the mean number of chest X-rays per neonate decreased from 4.9 ± 1.5 in a year to 2.6 ± 1.0 in a year after the introduction of LUS in the NICU, and the mean radiation dose per baby decreased from 183 ± 78 to 68 ± 30 μGy without an increase in mortality. The number of children who were managed without chest X-ray was 30%. This retrospective analysis brought out some important useful numbers to think about and consider. 36 
Limitations of Lung Ultrasound
As of now, besides the aforementioned conditions we discussed about, LUS has its limitation in diagnosing other important neonatal respiratory morbidities and lacks specificity. For example, LUS is not good enough in diagnosing bronhopulmonary dysplasia or predicting it with accuracy. The usual clinical features such as B-lines, atelectasis, and pleural line abnormalities are common to many conditions. Similarly, conditions like MAS have features that are similar to pneumonia and RDS, and LUS lacks specificity. In preterm neonates with RDS, pneumonia, or pulmonary hemorrhage, it is practically impossible to quantify the fluid overload in the lungs as both pulmonary edema and pulmonary parenchymal inflammation are present with B-lines. Although there are publications describing the usefulness of LUS in the diagnosis of MAS and pulmonary hemorrhage, lack of specificity makes this less attractive and is not discussed here. It should also be noted here that there is no randomized control trial to directly compare X-ray and LUS, and few of the studies quoted have poor study design. However, there are no well-designed studies to examine the specificity and sensitivity of chest X-ray either. This is a new technique and the clinicians have to learn and understand it before they can actually start doing and applying it in their day-to-day practice.
Training and Credentialing
Many developed countries have a structured training program for the clinician-performed point of care ultrasound. 37 In Australia and New Zealand, the Australasian Society for Ultrasound in Medicine offers the certificate in clinician-performed ultrasound for clinicians who use ultrasound as a diagnostic tool at the point of care. The program, which was initiated in 2006, has now come a long way, with the widespread availability of ultrasound literate units across the Australia-New Zealand region. 38 This program and most of the other programs around the world include training in cardiac, head, and abdomen ultrasound. LUS is becoming a standard tool in critical care with a good specificity and sensitivity in picking different disease conditions. Its use saves time and decreases the need for X-ray. LUS potentially prevents delayed care implementation, and reduces irradiation and cost. LUS generates standardized, reproducible patterns, explaining the high interobserver agreement in adult studies. 39 Therefore, we believe, now time has come to incorporate LUS in to the clinician-performed ultrasound-training program.
Conclusion
LUS can probably be safely used to detect pneumothorax to evaluate the need for respiratory support in RDS, diagnose TTN, and detect pneumonia. Neonatal LUS has come a long way in terms of disease diagnosis and has an equal or better specificity and sensitivity profile in comparison with X-ray. This technique is safe, cost-effective, and repeatable without hazards of radiation exposure. LUS can decrease the need for chest X-rays and has the potential to replace X-ray as a basic diagnostic modality. An uncomplicated learning curve and the requirement of a most basic ultrasound machine make this even more attractive. Future research including randomized control trials should be able to address the wide potential of LUS in neonatology.
